Background: Malignant gliomas are the leading cause of morbidity and mortality in brain and central nervous system tumors. Recently, casticin has drawn wide attention to its critical role in tumor progression. However, the effect of casticin on glioma remains undefined. Methods: Following treatment with casticin, cell viability, apoptosis, and cell cycle arrest were examined in U251 glioma cells. Additionally, the involved molecular mechanism was assessed by western blotting and flow cytometry. Results: Casticin triggered an obvious dose-dependent decrease in U251, U87 and U373 glioma cell viability, and the growth inhibitory effect of casticin was correlated with cell cycle arrest and cell apoptosis. Further mechanistic analysis indicated that casticin induced G2/M phase arrest by attenuating the polymerization of tubulin. Furthermore, striking apoptosis was also confirmed, accompanied by the up-regulation of caspase-3, p53 and proapoptotic protein Bax. These effects were absent when the caspase inhibitor z-VADfmk or p53 inhibitor PFTα were applied, suggesting that casticin could trigger cell apoptosis in a caspase-3 and p53-dependent manner. Conclusion: These findings provide a prominent insight into how casticin abrogates the pathogenesis of glioma, and support its potential clinical prospect for further development of anti-brain cancer therapy.
Introduction
Glioma is considered to be the most lethal form of brain and central nervous system tumors, and more than 60% of malignant brain tumors are glioma [1, 2] . It is generally believed that these gliomas are characterized by high rates of proliferation, migration and invasion. Although tremendous advances in the treatment of glioma have been made,
Quantification of live and dead cells
In order to quantify the live/dead cells, the fluorescent probes calcein AM and PI were used. Following treatment with casticin, cells were washed three times with PBS, and then cultured with PBS solution consisting of 2 μM calcein AM and 4 μM PI in the dark for 20 min. Due to the permeable ability on cell membrane, calcein AM was used to stain viable cells, whereas PI was used to label dead cells. The fluorescence of calcein AM and PI was detected by flow cytometry (Becton Dickinson, San Jose, CA).
Apoptosis analysis
To quantitatively assess the rate of apoptosis, annexin V-propidium iodide (AV-PI) staining was conducted. Following incubation, an equal number of cells were lysed with lysis buffer (10 mM Tris, 10 mM EDTA, 0.5% Triton X-100, pH 7.5), rinsed with PBS, and resuspended in 200 μL of binding buffer including 5 μL FITC-conjugated annexin V following the manufacturer's instructions (Beyotime, Shanghai, China). After incubation in the dark for 10 min, cells were labeled with PI. Finally, the samples were analyzed through flow cytometry, and the results were expressed as a percentage of total cells counted.
Cell cycle assay
A cell cycle assay was performed according to the method previously mentioned [12] . Briefly, after harvesting by trypsinization, cells were washed with PBS, and then fixed in 70% ethanol at 4°C overnight. Cells were then marked with propidium iodide (PI) for 30 min at room temperature in PBS containing 50 mg/mL PI and 1 mg/mL RNase A. The DNA content was analyzed by flow cytometry.
DNA fragmentation by Hoechst staining
To highlight the characteristic morphological changes of apoptosis in U251 cells, the harvested cells were washed with PBS, then stained with DNA-specific fluorescent dye Hoechst 33258 (Molecular Probes, Inc., Eugene, OR) for 0.5 h at 37°C. After centrifugation, cells were rinsed three times with PBS, and then resuspended in PBS solution. Morphological changes in U251 cells were observed under a fluorescence microscope. Each experiment was repeated three times.
Western blotting
After washing three times with PBS, cells were dissociated and total protein extracts of U251 cells were prepared using RIPA lysis buffer (Beyotime, Nantong, China). Following the centrifugation, protein concentrations were detected by the BCA assay (Pierce, Rockford, IL). For western blotting, 100 μL of protein was electrophoresed by SDS-polyacrylamide gel electrophoresis, and then transferred onto a polyvinylidene difluoride (PVDF) membrane (Pharmacia, Piscataway, NJ). After blocking with buffer containing 5% nonfat dry milk in Tris-buffered saline with Tween (50 mmol/L Tris, 150 mmol/L NaCl, 0.1% Tween-20, pH 7.4) at 4°C overnight, nitrocellulose membrane was incubated with p53 (1:1000), Bax (1:300), caspase-3 (1:600), tubulin (1:500), cyclin B1 (1:300), p21waf1 (1:500) and Cdk1 (1:300) primary antibodies in 5% defatted milk for 1 h. After washing, HRP-conjugated secondary antibodies were added at room temperature for 1 h. The bound antibodies were visualized using the LumiGLo reagent (Pierce) and the levels of each protein relative to that of β-actin were analyzed.
Statistical analysis
All results are shown as mean ± SEM. Data were analyzed using SPSS 11.0. A typical image from at least three similar experiments was presented. Statistical analysis was performed by an independent Student t-test. P < 0.05 was considered statistically significant.
Results

Casticin abrogated glioma cell viability in a dose-dependent manner
To assess the effect of casticin on cell viability in human glioma cells, various concentrations of casticin were used. The extent of cell viability was determined after 24 h by MTT assay. As shown in Fig. 1A , casticin abrogated the growth of U251 glioma cells in an obvious dose-dependent manner. When cells were treated with a low concentration of casticin, only a slight growth inhibitory effect was observed. However, significant inhibition rate of 22.9% was confirmed at 10 μM, and IC50 was 20 μM. Consistent with the effect of casticin on U251 cells, casticin also triggered a dose-dependent decrease of cell viability in U87 and U373 cells. In addition, treatment with 40 μM casticin induced an obvious downregulation of cell viability in U87 cells, compared with 20 μM groups. To further confirm the inhibitor effect of casticin on glioma cell, we performed the live/dead cells analysis by fluorescent probes calcein AM and PI. Compared with the control group, abundant fluorescent signals of PI were determined at 20 μM casticin-treated group in regions B1 and B3 as well as reduced calcein AM signals in region B4, suggesting that fewer live cells were detected when treated with casticin (Fig. 1B) . Quantification analysis showed that the viability of U251 glioma cells stimulated with 10 μM and 20 μM casticin was 78.1% and 53.2%, respectively, compared with the control group (Fig. 1C) . Taken together, these results indicated that casticin attenuated dose-dependently cell viability.
Casticin enhanced U251 cell apoptosis
Cell apoptosis is characterized with DNA fragmentation and loss of plasma membrane asymmetry [13] . To investigate whether cell apoptosis is correlated with cell growth inhibition by casticin, we assessed early apoptosis using Hoechst 33258 staining to observe morphological changes in nucleus. After treatment with casticin, an obvious increase in nuclear shrinkage and DNA fragmentation was observed, suggesting that casticin dosedependently induced cell apoptosis by disrupting the nuclear morphology ( Fig. 2A) . The similar effect on cell apoptosis was further confirmed by Annexin V-FITC and PI staining. Following treatment with 10 μM casticin, the apoptotic rate was 19.86%, and a higher apoptotic ratio was observed in 20 μM casticin-treated cells (Fig. 2B) . All of these results revealed that casticin induced cell apoptosis in a dose-dependent manner. 
Casticin induced G2/M phase arrest in U251 glioma cells
It is well known that casticin can induce G2/M phase arrest in several tumor cells [14] . Whether an analogous effect of casticin may occur in glioma U251 cells is still unclear. To address this question, cell cycle profile was analyzed by PI staining and flow cytometry assay. As shown in Fig. 3A , treatment with high doses of casticin resulted in the accumulation of cells at G2/M phase. The percentage of cells in the G2/M phase gradually increased from 10.2% to 28.2% and 49.8% after treatment with 10 μM and 20 μM casticin separately, concomitant with a corresponding decrease in the G0/G1 and S phase (Fig. 3B) .
Casticin triggered mitotic phase arrest
Many anticancer compounds possess tubulin-interacting properties and eventually result in mitotic arrest [15] . To determine whether the inhibitory effect of tubulin polymerization is involved in G2/M phase arrest, the expression of polymeric tubulin was assessed by western blotting. A clear dose-dependent decrease in tubulin polymerization was demonstrated in U251 glioma cells treated with casticin, indicating that casticin significantly down-regulated polymeric tubulin expression (Fig. 4) . It is well known that Cdks, cyclins, and Cdk inhibitors (CKIs) including P21waf1 exert an pivotal role in controlling cell cycle progression [11, 16] . Therefore, the expression levels of these proteins were discussed during the process of casticin-induced apoptosis via the mitotic phase arrest. The activation of the cyclin B1/Cdk1 complex is vital in the transition from G2 to M phase. As shown in 4 , casticin clearly down-regulated the expression of cyclin B1 as well as Cdk1 whereas it up-regulated P21waf1 expression, which could inhibit the polymerization of tubulin. So these results suggested that casticin triggered mitotic arrest at the G2/M phase by augmenting tubulin disorganization.
The activation of the caspase-3 and p53 pathway were accounted for casticin-induced apoptosis of U251 glioma cells
It is generally believed that p53 pathway is one of the most powerful tumor suppressor genes. The fact that casticin could induce glioma cell apoptosis has been demonstrated above. cell cycle arrest (Fig. 3) . These results revealed that pretreatment with caspase inhibitor strikingly abrogated cell apoptosis but not attenuate mitotic arrest, indicating that casticininduced cell cycle arrest in an apoptosis-independent manner.
Discussion
Primary brain tumors are inherently serious and life-threatening because of their high morbidity and mortality. Gliomas are ranked as one of the most common brain tumors, and account for 30% of all brain and central nervous system tumors [17] . Since ideal chemotherapeutic agents not only kill cancer cells but also normal cells, the poor selectivity for tumors mean that they have a limited ability to cure cancer [18] . Recently, an increasing amount of attention has been given to the natural plant compound of casticin, due to its broad spectrum of cytotoxicity towards different cancer cells [8, 9] . It has been documented that casticin is implicated in the growth inhibition of breast cancer, pancreatic carcinoma, hepatocellular carcinoma and epidermoid cancer [8, 9, 14, 19] . Casticin was therefore investigated for its potential therapeutic role in glioma. However, the effect of casticin on glioma cells remains poorly elucidated. In this study, we first investigated the inhibitory effect of casticin on the growth of U251 glioblastoma cells and its precise molecular mechanism involved.
Cell cycle arrest and apoptosis are well known two major causes of growth arrest [20] . Many antitumor drugs achieve their effect by abrogating cell cycle progression at a special checkpoint [7, 11, 21] . For example, curcumin exerts its inhibitory effect on glioma cell growth and proliferation via induction of cell cycle arrest at the G2/M phase [7] . Accordingly, to characterize the inhibitory effect of casticin on glioma cells, the apoptosis and cell cycle were investigated. In this study, we have confirmed that casticin strikingly dampened cell cycle arrest at G2/M phase in a dose-dependent manner, which is consistent with previous reports that casticin arrested the cell cycle at G2/M phase in pancreatic carcinoma cells [8] . Tubulin elicits a pivotal role in the progression of cell division and the maintenance of cell shape [22, 23] . To further corroborate the molecular mechanism underlying casticininduced G2/M arrest, the expression of polymeric tubulin was discussed by western blotting. An obvious decrease in polymeric tubulin was validated in casticin-treated cells, indicating that casticin impeded cell cycle at mitotic phase. In addition, casticin dose-dependently increased the expression of cell cycle progression inhibitory protein p21, which would lead to tubulin disorganization. Furthermore, the activity of cyclin B1/Cdk1 was significantly down-regulated in casticin-treated U251 glioma cells. Therefore, these results suggest that casticin induced cell death by mitotic arrest.
It is well known that many anti-tumor agents exert their growth inhibition effect on malignant cells by inducing apoptosis [9, 10, 24] . Apoptosis, a form of programmed cell death, is characterized by DNA fragmentation, loss of plasma membrane asymmetry, and activation of proteases [13, 25, 26] . In this study, obvious DNA fragment and morphological changes were observed in casticin-treated glioma cells. Furthermore, flow cytometry analysis demonstrated that casticin elevated the apoptotic rate of glioma cells in a dose-dependent manner. These results indicate that casticin-induced apoptosis is associated with cell death. However, how casticin induces apoptosis requires further study.
As a tumor suppressor protein, p53 plays a prominent part in the regulation of cell apoptosis [27] . The up-regulation of p53 expression is related to the induction of cell apoptosis by the activity of proapoptotic protein Bax [28] . Caspase-3 has been corroborated as a critical mediator of programmed cell death, and activated caspase plays an important role in the apoptotic response inside the cells [29, 30] . Whether casticin-induced cell apoptosis is correlated with the activity of p53 and caspase-3 remains unclear. To address this question, the expression of p53 and caspase-3 was analyzed by western blotting. After treatment with casticin, p53 expression levels were notably up-regulated. This increased effect failed to Liu/Kuang/He/Xing/Gu: Casticin Induces Human Glioma Cells Death Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry continue when pre-treated with p53 inhibitor PFTα. As an important downstream target of p53, the expression of Bax was also strikingly increased in U251 cells treated with casticin, which is in line with previous studies showing that casticin increased the expression of Bax [8] . Simultaneously, the expression levels of activated caspase-3 were significantly reinforced following treatment with casticin. After blocking the activity of caspase-3 with the specific caspase inhibitor z-VAD-fmk, cell apoptosis was dramatically attenuated. Accordingly, we can conclude that casticin induce cell death in part via p53 and caspase-3-mediated apoptotic pathways.
In conclusion, our research investigated for a potential therapeutic role of casticin in glioma. In this study, casticin abrogated the growth of U251 glioma cells by arresting the cell cycle at G2/M phase and consequently inducing p53-and caspase-3-depedent apoptosis. These findings support a prominent insight into how casticin exerts its protective effect by impeding the pathogenesis of glioma. Thus, casticin may become a potential lead compound for future development of anti-glioma therapy.
